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The effects of gravity data quality and spacing on the accuracy of the computed geoid are analyzed. The
analysis is performed using simulated gravity data that accommodate the real gravity signal in South Korea. The
reference geoid is generated using both simulated gravity data and digital terrain models (DTM), assuming that
both data sets are errorless. By artiﬁcially controlling the gravity data quality and spacing, we are able to calculate
and analyze the geoid errors. The results show that the current distribution of real gravity data in South Korea
causes geoid errors, with the standard deviation being as much as 8 cm, and that these geoid errors are mainly
caused by the distribution of gravity data rather than by the noise in the data. Areas showing large geoid errors
are also clearly identiﬁed; these areas should be subjected to supplementary gravity surveying at data spacing
smaller than 2 km to achieve a 5-cm level of geoid accuracy.
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1. Introduction
The geoid, which is the equipotential surface that best
approximates the mean sea surface, is the basic element of
geodetic infrastructure. The basic roles of the geoid are to
represent the shape of the Earth and function as the verti-
cal reference surface. However, it also has various applica-
tions in many scientiﬁc and engineering ﬁelds, such as the
monitoring of changes in the sea level, post-glacial rebound
studies, among others. Given the recent advances in tech-
nology, the Geodetic Society of Japan has set the challeng-
ing objective of developing a centimeter-level geoid, which
means that the direct determination of orthometric height
using satellite positioning techniques is feasible (Kotsakis
and Sideris, 1999; Toth et al., 2000; Hwang and Hwang,
2002; Marzooqu et al., 2005). In terms of the large expendi-
ture of bothmoney and labor that are involved in conducting
the traditional spirit leveling, orthometric height determina-
tion using both Global Positioning System (GPS) and the
precision geoid has clear advantages.
There have been several studies on the development of
the geoid over the Korean region, and approximately a 30-
cm level of geoid accuracy (in terms of standard deviation)
can be obtained using the gravity data that have been col-
lected (Lee et al., 1996; Yun, 1995, 1999; Lee, 2000). How-
ever, most of the geodetic applications nowadays need a
much higher degree of geoid accuracy. Consequently, the
development of a high-precision geoid over the Korea re-
gion was planned by the Korean government in 2007. This
project is now on-going and has the goal of developing a
new geoid model with a 5-cm level of geoid accuracy. The
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ﬁrst step in developing such a high-precision geoid model
is to secure good quality gravity data because the geoid is
determined using the Stokes’ integral—i.e., the geoid is rep-
resented as a function of gravity anomaly. The selection of
an optimal gravity data interval is also required to avoid a
possible aliasing effect and to meet the requested geoid ac-
curacy. This could be one of main challenges in developing
a precision geoid model, especially for the South Korea re-
gion, since the surveyed gravity data are not sufﬁcient in
the mountainous areas, make up 70% of Korean territory.
Therefore, supplementary gravity surveying, if necessary,
should be conducted for the precision geoid once the ef-
fects of the quality and the spacing of gravity data on the
computation of geoid accuracy are analyzed. However, not
many studies on the effects of the quality and the spacing
of gravity data on the accuracy of the geoid are available.
We therefore have analyzed the effect of both gravity data
quality and spacing on the computed geoid. The analysis
was performed by conducting simulations in which the data
quality and the spacing were artiﬁcially controlled for. The
results from this study provide the achievable accuracy of
the geoid with the currently available distribution of gravity
data. We then examine the required gravity data quality and
distribution. The areas are identiﬁed where supplementary
gravity surveying are required to obtain the high-precision
geoid model in South Korea region.
2. Data and Methodology
The gravity data over South Korea have been obtained by
various organizations with different instruments for more
than 20 years. These data can be grouped into two cate-
gories: (1) raw data (readings from gravimeter); (2) free-air
anomaly data but without raw data. For the quality control
of the former dataset in the form of raw data from gravime-
927
928 C.-K. HONG et al.: EFFECTS OF GRAVITY DATA QUALITY AND SPACING
Table 1. Statistics of the datasets used in this study.
Number of points Mean Standard deviation Maximum Minimum
Free-air from datasets with raw reading (mGal) 6,878 15.01 14.85 104.25 −18.83
Free-air from datasets without raw reading (mGal) 2,112 27.14 19.95 153.89 −26.05
Simulated gravity anomaly (mGal) 324,600 11.31 18.14 210.12 −116.58
SRTM DTM (m) 8,645,901 72.28 181.81 1890.50 −4.50
Table 2. Analysis strategies adopted in this study.
Output
Gravity anomaly DTM
Noise level (mGal) Distribution type Noise level (m) Grid size (km)
Reference geoid 0 1-km grid 0
0.2
Geoid errors











20+ additional 2-km grid
ters, the data are re-preprocessed in a consistent manner so
that free-air anomalies with a precision of 0.48 mGal are
obtained (Lee et al., 2008). However, the quality of the lat-
ter dataset in the form of free-air anomaly cannot be fully
veriﬁed since the raw measurements of gravity data are not
available. Therefore, a correlation analysis using both the
global potential model (EGM96) and the terrain models is
performed to detect and remove the outliers in the gravity
anomaly. This is followed by the generation of the grid-
ded gravity anomaly with a 1-km interval through a simu-
lation with the digital terrain model (DTM) (a 0.2-km grid
of land elevations) from the Shuttle Radar Topography Mis-
sion (SRTM) and the datasets described above.
The simulation procedures used to generate the gravity
anomaly data can be summarized into two steps: the ﬁrst
step is the generation of the gravity anomaly by computing
the topographic effect on the gravity using Helmert conden-
sation; the second step is the ﬁtting of the simulated grav-
ity anomaly to the real one. In the Helmert condensation,
a two-dimensional mass layer is assumed, then the Fourier
transform of the gravity anomaly (g) due to themass layer
with assumption of Airy’s isostatic compensation can be ex-
pressed as:
g = 2πGρF−1 (F(H) (1 − e−2πμD) e−2πμx3) , (1)
where F and F−1 are the operators of the forward and in-
verse Fourier transform, respectively; G is the gravitational
constant; ρ is the density of the layer; D is the depth of
isostatic compensation; x3 is the vertical coordinate of the
computation point; μ =
√
μ21 + μ22 and μ1, μ2 are spatial
frequencies on the geoid. Equation (1) states that the gravity
anomaly can be simulated with height information under the
assumption of Helmert condensation and Airy’s isostasy.
For height, the SRTM grids of the 200-m interval are used.
After the gravity anomaly is simulated based on Eq. (1),
the simulated gravity is ﬁtted to the real gravity as follows.
First, a Triangulated Irregular Network (TIN) is constructed
using real gravity data. Second, the grid points of the simu-
lated gravity inside the TIN are identiﬁed, and plane ﬁtting
is performed in order to calculate the residual at each grid
point. Finally, the plane from the simulated gravity is re-
moved, and the plane from the TIN is added to the residual
calculated in the previous stage. In this way, the simulated
gravity anomaly is now ﬁtted to the real gravity anomaly
to some degree so that the possible biases on the simula-
tion are removed. More details on the procedures used for
generating the gravity anomaly data can be found in Jekeli
(2003). The statistical characteristics of the datasets used in
this study are shown in Table 1. Note that the standard devi-
ation of the simulated gravity anomaly falls between those
of the two datasets, with/without raw reading, and shows
some degree of consistency to real gravity data.
The simulated gravity anomaly together with DTM is
now used to compute the geoid with a 2-km spatial reso-
lution, and this geoid is assumed to be an error-free “ref-
erence geoid”. The geoid errors due to the noises in the
gravity anomaly are subsequently analyzed with the current
distribution of gravity data. The effects of both the quali-
ties and the spacings of gravity data on the accuracy of the
computed geoid are also investigated. Finally, the supple-
mentary gravity surveying plan to bemade for the improve-
ment of geoid accuracy is provided based on the numerical
results. Table 2 shows the summary of analysis strategies
adopted in this study. The qualities and spacings of data
are controlled by adding different levels of Gaussian ran-
dom noise and by selecting different spatial intervals, re-
spectively. Consequently, the impacts of data quality and
the spacing of gravity anomaly data on the accuracies of
computed geoid can be analyzed.
The computation of the geoid is performed using the
Gravsoft software developed by Tscherning et al. (1992).
This means that the global geopotential model, i.e.,
EGM96, is used for themodeling of the long wavelength of
C.-K. HONG et al.: EFFECTS OF GRAVITY DATA QUALITY AND SPACING 929
Fig. 1. Distribution map of real gravity data over the South Korea.
the Earth’s gravity ﬁeld. The gravity data on both land and
sea are used for the modeling of the medium wavelength,
with the DNSC08 model from the Danish National Space
Center used for altimetry data over the sea and DTM for the
short wavelength of the gravity signal over the land area.
The Remove-Restore (R-R) technique is applied to gener-
ate the gravimetric geoid. Finally, this gravimetric geoid is
ﬁtted to the GPS/Leveling data so that the possible bias due
to the local datum is removed.
3. Results
3.1 Simulated gravity anomaly and the geoid
To analyze the effects of both qualities and spacings of
both gravity and DTM on the accuracy of the computed
geoid, we create the reference geoid using the simulated
gravity anomaly and DTM. The simulated gravity anomaly
with the incorporation of real gravity data is obtained as a
regular grid with a mesh size of 1×1 km. As explained
in Section 2, the incorporation of real gravity data is per-
formed so that the simulated gravity anomaly can reﬂect the
characteristic of the real gravity anomaly as much as possi-
ble. Figure 1 shows the location map of the real gravity
data over South Korea, with each black dot indicating the
measurement point. As can be seen in Fig. 1, the measure-
ment points are densely located on the southwestern part of
South Korea, while sparse distributions are observed on the
eastern part, which corresponds to the mountainous area.
Therefore, it is expected that the geoid errors occur domi-
nantly in the mountainous area.
Also, the DTM from the SRTM is gridded on a regular
0.2×0.2-km grid. The gridding of STRM is simply car-
ried out by extracting every other data because SRTM is
already in a grid format. Once gravity anomaly and DTM
data are obtained, the geoid is computed as explained in
Section 2. Figure 2 presents the computed geoid—i.e., ref-
erence geoid—using the simulated gravity anomaly with a
1-km grid size and a DTM with a 0.2-km grid size. As
shown in Fig. 2, the geoid variation ranges from 21 to 30m,
gradually increasing from the northwest to southeast part of
South Korea.
Fig. 2. Simulated geoid over the South Korea.
3.2 Geoid errors due to the current distribution of
gravity data
To analyze the geoid errors due to the current distribu-
tion of gravity data, linear interpolation is applied to the
simulated gravity anomaly (with a 1-km grid size) so that
the gravity anomaly is obtained at each location where real
gravity data is available. The primary objective of this anal-
ysis is to examine geoid errors due to the current distribu-
tion of gravity data; consequently, the gravity anomaly and
the DTM are assumed to be errorless. The geoid is gener-
ated using the gravity anomaly with the current distribution
and the DTM. The geoid errors are then obtained by com-
puting the difference between the reference and the com-
puted geoid at each grid point. Figure 3 shows the geoid
errors due to the current distribution of gravity data: rela-
tively large geoid errors can be observed in the area where
the gravity anomaly data are sparsely distributed. Themean
and the standard deviation of the geoid errors are −1 cm and
8 cm, respectively. It should be noted that both the mean
and the standard deviation are computed using the geoid er-
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Fig. 3. Geoid errors due to the current distribution of gravity data (scenario
no. 1).
Fig. 4. Geoid errors due to the 3-mGal noise in the gravity anomaly
(scenario no. 2).
rors observed only in the South Korea region.
This result indicates that the target geoid accuracy—i.e.,
5 cm—cannot be obtained using the current distribution of
gravity data even though the error-free gravity anomaly and
DTM are used for the data processing. However, the ob-
tainable accuracy of the gravity anomaly is limited in the
real world. This means that the effect of Gaussian random
noises in the gravity anomaly on the computed geoid should
be assessed in order to determine the tolerable accuracy of
gravity anomaly for the development of the precision geoid.
For this analysis, three gravity anomaly datasets with dif-
ferent noise levels are generated. In other words, Gaussian
random noises with 0.5, 1, 3 mGal standard deviations are
added to the simulated gravity anomaly. The geoid is then
generated using each dataset as described above, and the
corresponding geoid errors are computed. The results from
this analysis show that the geoid errors are almost same as
those shown in Table 3.
Consequently, Fig. 4, which expresses the geoid errors
when 3 mGal Gaussian random noise is added to the grav-
ity anomaly, is presented as a representative of all errors.
Fig. 5. Location map of supplementary gravity data.
Fig. 6. Geoid errors from the supplementary gravity data (with a 2-km
grid size) together with the currently distributed gravity data (scenario
no. 4).
As can be seen in Fig. 4, similar patterns and magnitudes
of geoid errors as those shown in Fig. 3 are observed. This
means that the geoid errors are mainly caused by the dis-
tribution of the gravity anomaly rather than the noise in the
gravity anomaly. Also, we can conclude that the current
quality of the gravity data is sufﬁcient to produce the preci-
sion geoid since the quality of gravity data re-preprocessed
has a precision of 0.48 mGal, as mentioned in Section 1.
However, more gravity surveying should be conducted for
the improvement of geoid accuracy. The remaining ques-
tion is then what gravity data spacing is required and which
area should be surveyed to obtain the target accuracy for
the geoid. For these questions, a more detailed analysis is
necessary, as follows.
3.3 Geoid errors due to the gravity data spacing
Determination of the optimal gravity data spacing is es-
sential because the selection of gravity data spacing for the
precision geoid is a trade-off between the precision of the
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Table 3. Statistical characteristics of geoid errors due to the noises in the gravity data.
Noise level (mGal) Geoid errors
Mean (m) Standard deviation (m) Maximum (m) Minimum (m)
0.5 −0.01 0.08 1.17 −0.87
1 −0.01 0.08 1.11 −0.85
3 −0.01 0.08 1.15 −0.82
Table 4. Statistical characteristics of geoid errors due to the different gravity data spacings (scenario #3).
Gravity data spacings (km) Geoid errors
Mean (m) Standard deviation (m) Maximum (m) Minimum (m)
2 0.00 0.01 0.08 −0.08
5 0.00 0.02 0.19 −0.21
10 0.00 0.06 0.34 −0.61
geoid and the surveying cost. Hence, the effect of grav-
ity data interval on the computed geoid is investigated in
this section for the planning of supplementary gravity sur-
veying if required. For the analysis, the simulated gravity
anomaly datasets with a grid size of 2, 5, and 10 km, respec-
tively, are generated, as described in Section 2. The geoid
error for each data interval is computed, and its statistical
characteristics of geoid errors are as shown in Table 4.
As can be expected, the geoid errors increase as the data
spacing gets larger. The geoid errors reach up to 6 cm in
standard deviation when a 10-km data spacing is selected
for the data processing. This result indicates that the gravity
data spacing should be less than 10 km to obtain the target
accuracy of geoid.
3.4 Improvement of geoid accuracy with supplemen-
tary gravity data
The geoid errors due to the current distribution of grav-
ity anomaly have already been demonstrated in Section 3.2,
and the numerical result shows that an 8-cm level of geoid
accuracy can be obtained. This geoid accuracy is not suf-
ﬁcient to obtain the precision geoid; therefore, supplemen-
tary gravity surveying should be planned and conducted to
improve the geoid accuracy. In this section, predictable
geoid errors are computed by adding supplementary gravity
data to the location where relatively large geoid errors are
observed (see Fig. 3). In other words, gravity anomaly data,
located in the area where the geoid error exceeds 30 cm,
are extracted from the simulated gravity anomaly. Note that
0.5-mGal noises are added to the gravity anomaly so that the
accuracy of the real gravity data is properly accounted for.
Figure 5 shows the locations of the supplementary gravity
data point (red dot) together with the currently distributed
gravity data point (black dot).
Using the gravity data shown in Fig. 5, the geoid is gen-
erated and the corresponding geoid errors are obtained, as
shown in Fig. 6. Themean and the standard deviation of the
geoid errors are 0 and 0.05 m, respectively. It can therefore
be said that it is clearly expected that a 5-cm geoid accuracy
is deﬁnitely achievable provided that supplementary gravity
surveying is carried out.
4. Conclusion
The effects of both gravity data quality and spacing on
the accuracy of the computed geoid over the South Korea
region are analyzed in this paper. The geoid errors due
to the current distribution of gravity data are also investi-
gated so that the supplementary gravity surveying plan can
be made to obtain the 5-cm level of geoid accuracy. Based
on the results of the analyses carried out in this study, we
conclude that the effect of gravity data spacing is larger than
that of data quality on the geoid accuracy and demonstrate
that the acceptable magnitude of gravity measurement er-
rors is 3 mGal for the 5-cm level of geoid accuracy. We
have clearly identiﬁed the areas in which supplementary
gravity surveying is required. Finally, we recommend col-
lecting gravity data with less than a 2-km interval for the
supplementary gravity surveying in order to develop a high-
precision geoid. Although the analysis presented in this
study is numerically oriented, it is expected that the results
will contribute to the development of the precision geoid.
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